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Abstract
Extreme Ultraviolet Interferometry
by
KennethAlan Goldbeg
Doctor of Philosophy in Physics
University of California, Berkeley
Professor Rogaw. Falcone, Chair

EUV lithography is a promising and viable candidate for circuit fabrication with 0.1-micron critical
dimension and smallein order to achieve difaction-limited performance, all-reflective multilayevat
ed lithographic imaging systems operating near 13-nm wavelength and GidvdAystem wavefront tol
erances of 0.27 nm, or 0.02 waves RMS. Owing to the highly-sensitive resonant reflective properties of
multilayer mirrors and extraordinarily tight tolerances set forth for their fabrication, dfitival systems
require at-wavelength EUWterferometry for final alignment and qualification.

This dissertation discusses the development and successful implementation of high-accuracy EUV
interferometric techniques. Proof-of-principle experiments with a prototype flint-diffraction inter
ferometer for the measurement of Fresnel zoneplate lenses first demonstrated sub-wavelemnggr-EUV
ferometric capabilityThese experiments spurred the development of the superior phase-shifting point-
diffraction interferometer (PS/PDI), which has been implemented for the testing of an all-reflective litho
graphic-quality EUVoptical system. Both systems rely on pinholéradtion to produce spherical refer
ence wavefronts in a common-path geomefstensive experiments demonstrate Eiatefront-mea
suring precision beyond 0.02 waves RMS. Eld\ging experiments provide verification of the high-
accuracy of the point-difaction principle, and demonstrate the utility of the measurements in successfully
predicting imaging performance.

Complementary to the experimental research, several areas of theoretical investigation related to
the novel PS/PDI system are presented. First-principles electromagnetic field simulations of pinhole
diffraction are conducted to ascertain the upper limits of measurement accuracy and to guide selection of
the pinhole diametetnvestigations of the relative merits offdient PS/PDI configurations accompany a
general study of the most significant sources of systematic measurement errors.

To overcome a variety of experimentalfidifilties, several new methods in interferogram analysis
and phase-retrieval were developed: the Fodiiansform Method of Phase-Shift Determination, which
uses Fouriedomain analysis to improve the accuracy of phase-shifting interferometry; the Fourier
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Transform Guided Unwrap Method, which was developed to overcofimuliiés associated with a high
density of mid-spatial-frequency blemishes and which uses a low-spatial-frequency approximation to the
measured wavefront to guide the phase unwrapping in the presence of noise; andatirxibedient

method of Gram-Schmidt orthogonalization which facilitates polynomial basis transformations in wave

front surface fitting procedures.



Dedicated to Hector Medecki, my teachmentor and inspiration.
With deeper understanding than | shall ever have, he intuits light.






Table of Contents

ACKNOWLEDGEMENTS
INTRODUCTION
1. INTRODUCTION AND OVERVIEW
[. PINHOLE DIFFRACTION SIMULA TIONS
2. EUV PINHOLE DIFFRACTION
[Il. THE CONVENTIONAL PDI
3. THE POINT DIFFRACTION INTERFEROMETER
[ll. THE PHASE-SHIFTING POINT DIFFRACTION INTERFEROMETER
4. THE PHASE-SHIFTING POINT DIFFRACTION INTERFEROMETER
5. SYSTEMATIC ERRORS AND MEASUREMENT ISSUES

6. THE EUV PHASE-SHIFTING POINT DIFFRACTION INTERFEROMETER —
SCHWARZSCHILD OBJECTIVE TESTING

7.WAVEFRONT MEASUREMENTS AND IMAGING
8. INTERFEROMETER PERFORMANCE AND CHARACTERIZA TION
9. CHROMATIC EFFECTS
V. INTERFEROGRAM ANALYSIS
10. INTERFEROGRAM ANAL YSIS OVERVIEW
11. SINGLE INTERFEROGRAM ANALYSIS METHODS
12. PHASE-SHIFTING INTERFEROMETR Y
13. PHASE UNWRAPPING
14.ABERRATION POLYNOMIALS
15.WAVEFRONT SURFACE FITTING
V. CONCLUSION
APPENDIX

REFERENCES

25

47
61

105
127
141
167

177
181
197
211
227
237
251
255
267






Acknowledgements

This research reflects the considerabferebf a team of scientists, engineers, and technicians.
Foremost among them have been those who have steadfastly guided this project forward through several
often dificult years of keeping it afloat: Jedy Bokor, DavidAttwood, and Keith Jackson, whose constant
hard work, faith, and belief in the importance of this project are reflected in its every accomplishment.

It is beyond agument that the successes of this project would never have been realized were it not
for the creative vision and sincere dedication of Hector Medecki, the primary inventor of the phase-shift
ing point-difraction interferometeithe Medecki Interfesmeter whose clever and insightful approach
daily brings the joy of experimental research to light.

The ingenuity of Chief Engineer Philip Batson and his team, including Drew Kemp and Senaijith
Rekawa, is evident in every flexural-pivot, window flange, and high-resolution stage. On a shoestring
budget, they designed and built the system to succeed, then re-designed it to excel.

Special acknowledgment must be given to Paul Denham, whose unique electronic and mechanical
contributions and tirelessfefts play an indispensable role in the facility with which these experiments
are performed.

The intuitive and rapid computer interface through which the numerous translational stages are
controlled is lagely due to the persistence and considerable skill of gratirate computer scientist
Joshua CantrelAdditional technical computer support essential for the present and continued develop
ment and improvement of the experimental interface is provided by Shane Cantrell. Numerous computer
and electronic systems were installed and are maintained bydR&aberry Everett Harveyand Jos
Polman, whose responsive support is greatly appreciated.

The most critical components of the interferometers are the tiny reference pinholes. For their contri
butions to the fabrication of these essential components, gratitude is due to James Spallas, Ralph Hostetler
Charles Fields, and Richard Livengood. Special thanks are also due fmésilson for his continuing
support with pinhole fabrication and other exceptionally challenging tasks, including the fabrication of the
high-resolution EUVFresnel zoneplates used in the first-round of interferometry experiments.

EUV imaging experiments could not have been performed without the skillful contributions of
Avijit Ray-Chaudhuri and Kevin Krenz of Sandia National Laboratories.

Two other graduate student researchers working on this project share credit for its every success
and deserve recognition for their essential contributions to this téarh EfditaTejnil, whose often

\Y



shaky hands were always steady enough to place sub-micron pinholes to wjthinoféheir taget; and
SangHun Lee, who, as a first-year graduate student faced with a steep learning-curve, met every challeng:
with enthusiasm.

My sincere gratitude is also due to Gary Songrer, who was involved with the EURDI
research from its inception. His always-open door has led to many interesting discussions and has shaped
my understanding of the important issues in interferometry

This research would not have been possible without the generous sponsorship of Intel Corporation,
the EUVLLC, and theVirtual National LaboratorySRC contract no. 96-LC-460, DARPefense
Advanced Lithography Program, fi@ke of Basic Enagy Sciences, U. S. Department of Epeunder
Contract No. DE-ACO03-76SF00098, and NCSA.

I am grateful for the support | have received from my thesis committee members, especially
Professor Roger Falcone, whose encouragement for my work outside of the Physics Department precipi
tated my involvement in this rewarding research, and Professor Joseph Orenstein, who encouraged me to
reflect on the opportunities | have been presented.

Separate from this experimental work but no less essential to its completion has been the constant
love andsupport | have received from my parents, Sandra and Joseph @oldbhese steadfast guidance
has kepmeafloat through several often fiifult years. Sincere thanks and appreciation are also due to
Naomi Leite, who although fanutside of her own academic discipline, way beyond the call of datly
significantly past the sidefetcts of a strong pot of defe, patiently proofread and diligently edited every
word of this dissertation. From its first drafivash in a sea of green ink, she helped to make the text as
readable and sound as it nowAsy remaining deficiencies or excesses (mistakes) in punctuation are
clearly present only because | chose not to take her advice.

ThankYou.

\Y



Introduction

EUV lithography is a promising and viable candidate for circuit fabrication with 0.1-micron critical
dimension and smallefo achieve this end at 13-nm wavelength, nearlyadifion-limited, multilayer
coated, neanormal-incidence reflective optical systems with 0.1 numerical aperture are required (Himel
1993).The suggested wavefront aberration tolerance for these sophisticated, all-reflective systems, com
posed of aspherical elements, is only 0.02 waves RMS, or 0.ZWilllamson 1994) This places
extremely high demands on the fabrication of Etdvror substrates and miilyyer coatings and even
higher demands on the metrology tools required to characterize them.

The EUVwavefront is determined by the geometric figure of the mirror surfaces and by the prop
erties of the multilayer coatings, which are deposited across mirror areas of several square centimeters.
While advanced visible-light interferometric techniques possefistngequired measurement accuracy
are being developed (Somrgeen 1996a, 1996b), optical aberrations arising from multilayer coating
defects and thickness errors are measurable only at theogéPdtional wavelength. Furthermore, it is
widely agreed in the lithography community that final alignment and qualification must be perfdrmed
wavelengthin order to successfully predict the imaging performance of an optical sydtese factors
motivate the development of high-accuracy EW&efront-measuring interferometry

This thesis is devoted to the development of BEltérferometry capable of achieving the highest
wavefront-measuring accuracy and precision. Early proof-of-principle experiments with a prototype EUV
point-diffraction interferometer (PDfpr the measurement of Fresnel zoneplate lenses (GgldBéba,
1995b) demonstrated sub-wavelength EidMrferometric capabilityand revealed the very high quality
of the lithographically-fabricated zoneplate optics. Experience and the limitations of the conventional PDI
spurred the development of the supepgbase-shifting point-diffraction interfemeter(PS/PDI) (Medecki
et al. 1996)The implementation and development of this novel tool at BdVvelengths is now in
progress on an undulator beamline at Ernest Orlando Lawrence Berkeley National Lalsakdt@myted
Light Source synchrotron radiation facility (Goldpest al 1995b, 1997Tejnil et al. 1996a, 1997).

The prototype PS/PDI is being used to test lithographic-quality multitosed 18 Schwarzschild
objectivesWhile extensive experiments with one such objective have revealed its ndeaalstidif-limited
performancethe more important data comprise a wealth of information about the performance of the

interferometer itself.



Evaluation of the interferometsrperformance has revealed significant progress toward the accuracy
and precision tgets set by the wavefront measurement requirements ofliidgraphy In tens of sepa
rate trials performed on a 0.07 N@ib-aperture of the ¥05chwarzschild objective, a wavefront-measuring
precision better than 0.02 waves (0.27 nm\/60) has been observeticcuracy verification with imaging
experiments has shown excellent agreement between predicted and measured perfadditionally,
the interferometer has been used in the first direct quantitative measurement of chromatic aberrations relat
ed to the isolated properties of multilayer reflective coatings.

Accompanying the discussion of development of the experimental system and its prototypical compo
nents, theoretical and empirical investigations of the systematic and random error sources are presented in thi
thesis.The studies are presented in a very general manner and are intended to serve as a framework for
the investigation of the most significant error sources in the PS/PDI measurement of arbitrary optical sys
tems.Special attention is given to the Eldytical systems of interest to this resealdte theoretical studies
feed back into the experimental methods and have improved the quality and reliability of the measurements.

Experimental diiculties have complicated many aspects if this research, and have necessitated t
creation of new general methods of interferogram analysis. Several techniques developed by the author
and described herein overcome the limitations of the optical system under test and problems associated
with the experimental system. Emphasis is placed on the practical implementation of robuitient ef
analysis methods, and many examples of varying complexity are presented.

The investigation of the measurement precision has identified the individual contributions of the
interferometels components to the measurement uncertainties. It appears clear that even with the high
performance demonstrated to date, there are several areas in which improvements are possible: and spec
ic recommendations for such are made.

EUV interferometry research and experiments were performed between May 1993 and November
1997 using facilities of the Lawrence Berkeley National Laboratory and the University of California,

Berkeley EUV Imaging experiments were conducted at Sandia National Labgratbiyermore, California.

OVERVIEW
This thesis is @anized into four main sections, covering both theoretical investigations and the
results of experimental research. Part | presents a detailed investigation of the most critical physical com
ponent of any point-difaction interferometeithe pinhole responsible for the pointfdiiction that gener
ates the spherical referenwavefront. Here, a highly detailed vector model of the electromagnetic field in
the vicinity of the tiny pinholes is illuminated with EUMht and investigated to predict the upper limits of

reference wavefront accuracy



Part Il describes the research conducted with an il diffraction interferometer (PDI) used to
evaluate the wavefront diidcted by high-resolution Fresnel zoneplate leriBeis. research paved the way
for the development of the more sophisticgtbdse-shifting point diffraction interfemeter(PS/PDI).All
of the research related to the E®&/PDI is presented in Part Ill. Chapter 4, which provides a description
of several PS/PDI designs, is followed in Chapter 5 by a mathematical investigation of systematic error
sources and measurement issiié® interferometer configuration for the measurement of a Schwarzschild
objective is described in Chapter 6, and the measurements themselves are presented in Chapter 7. Chapte|
contains the results of numerous experiments conducted to evaluate the performance of the interferometer
Finally, Chapter 9 records an investigation of chromatic aberrations and the wavelength-dependent behaviol
of the Schwarzschild objective related to the properties of the multilayer coatings.

The six chapters of Part &l describe practical aspects of interferogram analysis, including detailed
procedural descriptions of the individual methods. Following a general overview in Chapter 10, Chapters
11 and 12 provide a description of the two major classes of phase-recovery methods, single interferogram
techniques and multiple interferogram phase-shifting techniques, respec@iapter 12 also includes a
novel phase-shifting analysis method developed by the author to overcome phase-shift calibration errors,
the Fourier-Transform Method of Phase-Shift Determinatiohis method eliminates problems associated
with phase-step uncertainties and fringe print-through in situations where it may be applied.

The critically important and challenging subject of phase-unwrapping is addressed in Chapter 13.
Here, following a discussion of conventional methods, a new unwrapping procedure developed by the
author is described’his method combines highly-filtered phase-information with raw phase data to per
form what is calledrourier-Transform Guided Unwrappind his robust method was designed to ever
come the presence of numerous invalid data regions found in the measurement of tBehialdkzschild
objective. It preserves all of the phase information present in thevrappedphasemap without Shefr-
ing the complications from invalid points that plague all other unwrapping methods.

Analysis in terms of a convenient set of aberration polynomials, such as the familiar Zernike circle
polynomials, is essential for the accurate description and interpretation of the measured data. Chapter 14
describes some important properties of the Zernike polynomials and presents practical issues of how these
functions may be mostfettively represented on a comput€hapter 15 describes general methods of
wavefront surface fitting, including the very important Gram-Schmidt method of orthogonalization which
is extremely useful for minimizing uncertainties associated with polynomial fifsimgodification made
by the author to the published method streamlines the fitting procedure and reduces uncertainties by elimi

nating the need to perform a matrix inversion in the transformation between two polynomial basis sets.



Following the concluding remarks of Chapter 16, the seven appendices cover several auxiliary top
ics important to this researchhese include EUptical properties, EUVptical systems, EUVhultilay-
er behavigrand Fresnel zoneplate lens&kso given are the definition of fringe contrast, followed by a
Fourierdomain method of fringe contrast determination implemented by the akithalty, there is a
note regarding the conventions used in plotting theficteits of the Zernike polynomials when repre

senting a wavefront surface.



